Topological phases of matter exhibit phase transitions between distinct topological classes. These phase transitions are exotic in that they do not fall within the traditional Ginzburg-Landau paradigm but are instead associated with changes in bulk topological invariants and associated topological surface states. In the case of a Weyl semimetal this phase transition is particularly unusual because it involves the creation of bulk chiral charges and the nucleation of topological Fermi arcs. Here we image a topological phase transition to a Weyl semimetal in Mo x W 1−x Te 2 with changing composition x. Using pump-probe ultrafast angle-resolved photoemission spectroscopy (pump-probe ARPES), we directly observe the nucleation of a topological Fermi arc at x c ∼ 7%, showing the critical point of a topological Weyl phase transition. For Mo dopings x < x c , we observe no Fermi arc, while for x > x c , the Fermi arc gradually extends as the bulk Weyl points separate. Our results demonstrate for the first time the creation of magnetic monopoles in momentum space. Our work opens the way to manipulating chiral charge and topological Fermi arcs in Weyl semimetals for transport experiments and device applications. TPTs so far, including these two examples, have been observed as a phase transition from one bulk insulating phase to another. However, the discovery of the first Weyl semimetal has set the stage for the first TPT to a gapless phase [3] [4] [5] [6] [7] [8] [9] . Specifically, for a TPT to a Weyl semimetal, the bulk band gap closes and then splits into Weyl points. This phase transition is fascinating because the nucleation of Weyl points corresponds to the creation of chiral charge, or equivalently, the creation of magnetic monopoles in momentum space [10] [11] [12] [13] . This transition is also associated with the development of a topological Fermi arc surface state which similarly nucleates from the bulk band gap closing and connects the Weyl points in the surface Brillouin zone, extending across the surface as the Weyl points move apart in the bulk. There may further arise unusual behavior at the critical point, where in generic cases the bulk band touching does not occur at a time-reversal invariant momentum and where the form of the dispersion at the critical degeneracy point is constrained by the requirement that it carry no net chiral charge. Despite these fascinating properties, to date a topological phase transition to a Weyl semimetal has yet to be realized. Here we use pump-probe angle-resolved photoemission spectroscopy (pump-probe ARPES) to carry out a systematic study of the Mo x W 1−x Te 2 series from x = 0% to 50%. We directly access the topological Fermi arc above the Fermi level. We find that undoped WTe 2 is topologically trivial and we directly observe a topological phase transition from a topologically trivial phase to a Weyl semimetal in Mo x W 1−x Te 2 by changing x, with x c ∼ 7%. We perform novel ab initio calculations to pinpoint the topological phase transition in numerics and we find excellent agreement with our experimental results. We directly demonstrate the first topological phase transition between a trivial semimetal and a Weyl semimetal.
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Topological phases of matter exhibit topological phase transitions (TPTs) which are remarkably different from phase transitions in the Ginzburg-Landau paradigm. Traditional Ginzburg-Landau phase transitions are typically associated with spontaneous symmetry breaking and the development of a local, continuous-valued order parameter. By contrast, TPTs do not break any symmetry and correspond to a change in a global topological index which typically takes on discrete values. Perhaps the most famous example of a TPT is the quantum Hall effect, observed in 1980, where the Hall conductivity transitions from one quantized plateau to the next under changing magnetic field [1] . More recently, a TPT was observed from a trivial insulator to a Z 2 topological insulator in BiTl(S 1−δ Se δ ) 2 [2] . In that experiment, angle-resolved photoemission spectroscopy (ARPES) provided a striking example of a bulk band gap closing and re-opening as a function of δ, with direct observation of a gapless Dirac cone surface state crossing the bulk band gap in the topological phase. All TPTs so far, including these two examples, have been observed as a phase transition from one bulk insulating phase to another. However, the discovery of the first Weyl semimetal has set the stage for the first TPT to a gapless phase [3] [4] [5] [6] [7] [8] [9] . Specifically, for a TPT to a Weyl semimetal, the bulk band gap closes and then splits into Weyl points. This phase transition is fascinating because the nucleation of Weyl points corresponds to the creation of chiral charge, or equivalently, the creation of magnetic monopoles in momentum space [10] [11] [12] [13] . This transition is also associated with the development of a topological Fermi arc surface state which similarly nucleates from the bulk band gap closing and connects the Weyl points in the surface Brillouin zone, extending across the surface as the Weyl points move apart in the bulk. There may further arise unusual behavior at the critical point, where in generic cases the bulk band touching does not occur at a time-reversal invariant momentum and where the form of the dispersion at the critical degeneracy point is constrained by the requirement that it carry no net chiral charge. Despite these fascinating properties, to date a topological phase transition to a Weyl semimetal has yet to be realized.
Recently, it was predicted in ab initio calculation that Mo x W 1−x Te 2 is a tunable Weyl semimetal [14] . It was concurrently predicted that the end compound WTe 2 hosts a novel type of strongly Lorentz-violating, or Type II, Weyl fermion [15] , with related predictions following for MoTe 2 [16, 17] . However, it became clear that both of these end compounds lie close to a topological phase transition, so that calculation could not conclusively predict the topological phase. Considerable experimental efforts then provided evidence for a Weyl semimetal in MoTe 2 , although no evidence or discussion was presented regarding the topological phase transition in Mo x W 1−x Te 2 [18] [19] [20] [21] [22] [23] . Here we use pump-probe angle-resolved photoemission spectroscopy (pump-probe ARPES) to carry out a systematic study of the Mo x W 1−x Te 2 series from x = 0% to 50%. We directly access the topological Fermi arc above the Fermi level. We find that undoped WTe 2 is topologically trivial and we directly observe a topological phase transition from a topologically trivial phase to a Weyl semimetal in Mo x W 1−x Te 2 by changing x, with x c ∼ 7%. We perform novel ab initio calculations to pinpoint the topological phase transition in numerics and we find excellent agreement with our experimental results. We directly demonstrate the first topological phase transition between a trivial semimetal and a Weyl semimetal.
We first provide an overview of the crystal and electronic structure of Mo x W 1−x Te 2 . The creation of chiral charge can be understood as a process of gap closing or band inversion, A detailed ab initio calculation shows that for most x, Mo x W 1−x Te 2 hosts 8 Weyl points near Γ which lie on k z = 0, at k y ∼ ±k W and at energies < 0.1 eV above ε F , Fig. S1g , h [14] .
Crucially, calculation predicts that as x varies, the Weyl points move: for x < x c the system is in a trivial phase without Weyl points; at x c the bands intersect and nucleate Weyl points in four pairs of W 1 and W 2 , giving a phase with 8 Weyl points; for x c < x < x c the W 1 and Next, we show a topological phase transition in Mo x W 1−x Te 2 . In pump-probe ARPES, we use a 1.48 eV pump laser to first excite electrons into unoccupied electron states and then we use a 5.92 eV probe laser to perform photoemission on the excited electrons, granting direct access in experiment to the unoccupied band structure. We present an E B -k x spectrum at k y ∼ k W for x = 0%, 7%, 20%, 25%, 40%, 50%, we observe a short, bright band extending above ε F (purple curve), with dimmer bands on either side (green curve). We also observe slight kinks where the bright and dim bands meet. We also see the bright band grow in length systematically with x. We interpret the bright bands as disjoint Fermi arcs connecting Weyl points. This interpretation is consistent with the locations of Weyl points in calculation. Also, the high spectral weight suggests a surface state well-localized at the surface, while the dimmer states suggest hybridization with the bulk. Lastly, the increase in length of the Fermi arc with x is consistent with increasing separation of the Weyl points for heavier Mo doping. At x = 7%, we see no Fermi arc, but find a bright spot (purple arrow) and at x = 0% we find a large smooth band without any particular features (green curve). We interpret the bright spot as the nucleation of a topological Fermi arc, signalling that at x c = 7% the system is at the critical point for a topological phase transition. We interpret the large band at x = 0% as a signature of a topologically trivial phase in undoped WTe 2 . We find that this evolution of the band structure is consistent and robust regardless of whether samples were grown by a terminates strictly on the Weyl points, the trivial surface state still merges into the bulk very close to the Weyl points, so that within the linewidth and resolution of our measurement, we still see that the topological and trivial arc connect. However, we observe that they meet at slightly different slopes, forming a kink in the surface state bands which demonstrates a Weyl semimetal. By directly observing the nucleation of a topological Fermi arc and its systematic evolution with increasing Mo doping x, we demonstrate a topological phase transition from a trivial phase to a Weyl semimetal in Mo x W 1−x Te 2 .
We perform novel ab initio calculations on the Mo x W 1−x Te 2 series and for the first time we pinpoint the topological phase transition in numerics. We find that our calculations directly support our experimental results. First, we find excellent agreement in WTe 2 between the band structure in pump-probe ARPES and calculation both above and below the Fermi level, Fig. S2a and Fig. 3a . Specifically, we find two electron-like pockets above E F , a 6 hole pocket below E F as well as the broad hole-like bulk continuum extending to ∼ 0.05 eV above E F , all consistent between experiment and theory. We also find excellent agreement for other compositions x, for other measurement photon energies, and for constant energy k x -k y surfaces as well as for E B -k x cuts, see Ref. [18, 19] . We also find that both the energy and momentum separation of the W 1 and W 2 increase with x in both experiment and theory, Figs 3b, c. Next, we zoom in near the Weyl points (red rectangle in 3a) and study the band structure with increasing Mo, Fig. 3d . For WTe 2 , we see that the bulk valence and conduction bands have an indirect gap. At very small Mo doping, x < 1%, the bands touch, and for larger x, the bands invert and give rise to two Weyl points. Consistent with pump-probe ARPES, while WTe 2 hosts a large trivial surface state, for larger x the Weyl points snip out a topological Fermi arc. We find that calculation reproduces all aspects of our pump-probe ARPES data, but likely underestimates the size of the trivial gap in WTe 2 because the topological phase transition occurs around x ∼ 7% in experiment while it occurs for exceedingly small x in calculation. At the same time, the calculation systematically underestimates the separation of the Weyl points at x > 20%. This is perhaps reasonable because the calculation for arbitrary doping x uses an interpolation of Wannier models which is expected to be most accurate for small deviations from stoichiometric WTe 2 [14] .
Next, we study systematic pump-probe ARPES spectra to provide further evidence for a topological phase transition in Mo x W 1−x Te 2 . Specifically, we study E B -k x cuts of x = 0%, 7%, 20% at different k y , Fig. 4a -c. For stoichiometric WTe 2 , our data shows that the trivial surface state is unbroken and no signature of a Fermi arc or critical point appears at any k y , again confirming that WTe 2 is in a robust trivial phase. At x = 7%, we can identify the critical point (purple arrow) in the spectra with a range of k y . At the same time, we can identify a single k y ∼ k W , center panel of Fig. 4b , where the critical point is brightest, as expected since the bulk bands strictly meet at a single point in momentum space. Away from the special value of k y = k W , the critical point broadens and fades. Lastly, at x = 20%, we can directly follow the dispersion of the Fermi arc in k y (endpoints marked by red and blue arrows). In this way, we confirm that the length of the arc remains consistent as we sweep through k y . We show analogous systematics for all other compositions in the Supplementary Materials. We also use these results to measure the Fermi velocity of the Weyl cones along certain directions by mapping out the attachment curves of the Fermi arcs to the bulk bands, see also the Supplementary Materials. Our systematic pump-probe ARPES spectra confirm 7 that we have observed a topological phase transition in Mo x W 1−x Te 2 .
We summarize our results on a phase diagram for Mo x W 1−x Te 2 , Fig. 5a . We discover that the Mo x W 1−x Te 2 series includes a trivial phase under low doping x < x c ∼ 7% and a phase Fig. 5a , although recent experimental works appear to lean toward the 8 Weyl point case. Next, we can place our result in perspective by comparing it with the phase transition to a topological insulator, Fig. 5b For larger dopings, we observe a topological Fermi arc (purple curve), which systematically grows with x, (c-f). g-j, Schematic of the experimental results in (a-f). We can view the Weyl points as "snipping" out a topological Fermi arc from the large trivial surface state. different doping x, in the region marked by the red dotted square in (a). We observe the same trend in calculation and experiment, but we find that the trivial phase is more robust in experiment and the calculation underestimates the separation of the Weyl points for large x. Weyl semimetal. The topological insulator has a gapless critical point, while the Weyl semimetal passes to a gapless critical phase. In the simplest case, the topological insulator has a bulk linear Dirac dispersion at the critical point, while the critical point dispersion in a Weyl semimetal cannot be linear in all three momentum-space directions because it cannot carry chiral charge. This may give rise to unusual transport properties at the critical point for a topological phase transition in
Supplementary Materials
In these Supplementary Materials, we first provide additional systematic experimental data for Mo x W 1−x Te 2 for higher dopings x. Then, we present an interesting application of our results to the measurement of the Fermi velocity of the bulk Weyl cones of Mo x W 1−x Te 2 .
Lastly, we provide our methods.
SYSTEMATIC DATA AT HIGH DOPING
We present additional systematic measurements of Mo x W 1−x Te 2 for high dopings, x = 25%, 40%, 50%, see Fig. S1a -c. These spectra complement Fig. 4 of the main text. We can track the Fermi arc systematically for a wide range of k y . We further find that the Fermi arc disperses into the unoccupied side for larger k y . Again, the arc becomes longer with increasing Mo doping and we can observe this evolution consistently by studying the dependence on Mo doping for any k y . Our results are consistent with topologial theory, ab initio calculation and our pump-probe ARPES spectra presented in the main text. Our systematic data on Mo x W 1−x Te 2 with higher Mo doping supports our observation of a topological phase transition.
FERMI VELOCITY OF THE WEYL CONES IN THE BULK
We present a separate, neat consequence of our results. Using our pump-probe ARPES data, we can indirectly estimate the Fermi velocity of the Weyl cone using only the surface state band structure. In particular, we map out the termination of the Fermi arc on spectra taken at a range of k y . Then, we can determine the Fermi velocity of the bulk Weyl cone along the attachment direction of the topological Fermi arc, as illustrated in Fig. S2a .
We perform this analysis for x = 25% and 50%, Fig. S2b 
METHODS

Pump-probe ARPES
Pump-probe ARPES measurements were carried out using a hemispherical Scienta R4000
analyzer and a mode-locked Ti:Sapphire laser system that delivered 1.48 eV pump and 5.92
eV probe pulses at a repetition rate of 250 kHz [26] . The time and energy resolution were 300 fs and 15 meV, respectively. The spot diameters of the pump and probe lasers at the sample were 250 µm and 85 µm, respectively. Measurements were carried out at pressures is not uniform, particularly near the crystal surface. The composition of the sample was determined by energy dispersive spectroscopy (EDS) using a scanning electron microscope (SEM).
Ab initio calculation
The ab initio calculations were based on the generalized gradient approximation (GGA) [27] and used the full-potential projected augmented wave method [28, 29] as implemented in the VASP package [30] . Experimental lattice constants were used for both from the surface Green's function of the semi-infinite system [36] .
Ab initio calculation 
